DNA methylation is a eukaryotic anti-viral defence mechanism. In plants, establishment of de 9 novo DNA methylation is regulated by the RNA-directed DNA methylation pathway, which 10 requires AGO4 function. The genome of the plant DNA viruses geminiviruses replicates in the 11 nuclei of infected cells through not yet fully understood mechanisms and is subjected to 12 methylation, a modification that negatively impacts infectivity. In Tomato yellow leaf curl virus, the 13 virus-encoded V2 protein suppresses methylation of the viral DNA. Here, we identify AGO4 as a 14 physical interactor of V2. AGO4 mediates methylation of the viral genome, which is countered by 15 V2. Accordingly, virulence of a V2 mutant virus is partially restored by AGO4 silencing, hinting at 16 the inhibition of AGO4 as a crucial virulence function of V2. Virus-produced V2 does not affect 17 accumulation of viral small interfering RNA nor prevents their loading into AGO4, but impairs 18 binding of this protein to the viral DNA. Importantly, the association between V2 and AGO4 occurs 19 in the Cajal body, uncovering this subnuclear compartment as a crucial site in the viral cycle. 20 21 Running title: V2 inhibits AGO4 in the Cajal body 22 23
INTRODUCTION 28
DNA methylation in cytosine residues is a conserved epigenetic mark essential for protecting the 29 eukaryotic genome against invading nucleic acids, namely viruses and transposable elements. In 30 plants, establishment of de novo DNA methylation is believed to be regulated by the RNA-directed 31 DNA methylation (RdDM) pathway. The canonical RdDM pathway requires the activity of two 32 plant-specific RNA polymerase II-related enzymes, Pol IV and Pol V, and leads to cytosine 33 methylation in a sequence-specific manner. In brief, the current understanding of RdDM is as 34 follows: Pol IV generates RNA transcripts subsequently converted to double-stranded RNA There are four AGO4 orthologues in tomato (SlAGO4a-d) (Bai et al., 2012), the natural and 94 economically relevant host of TYLCV (Figure 2A,B) . All four SlAGO4-encoding genes are 95 expressed in basal conditions in tomato leaves, although SlAGO4c and d show low expression 96 levels; SlAGO4b, c, and d are slightly up-regulated by TYLCV infection (Supplementary figure 1) . 97 SlAGO4a, SlAGO4b, and SlAGO4d were cloned and the encoded proteins confirmed as 98 interactors of V2 in co-IP and split-luciferase assays ( Figure 2C,D) . 99
In Arabidopsis, AGO4 has been shown to co-localize with its interactor NRPE1 (NRPD1b), a 100 subunit of Pol V, in the Cajal body, which was then suggested to be a center for the assembly of 101 AGO4/NRPE1/siRNA complexes, enabling RdDM at target loci (Li et al., 2008 , Li et al., 2006 . 102 figure 6 ). Interestingly, the methylation level tends to decrease upon AGO4 silencing; this 158 reduction (~22%) is more prominent in the V2 null mutant genome, again supporting the idea that 159 AGO4-dependent methylation of the viral genome occurs during the infection and is partially 160 countered by V2. Notably, the detected decrease in methylation correlates with the enhanced 161 viral accumulation in the AGO4-silenced plants ( Figure 4F) . as Pol V or DRM2; our previous results demonstrate that V2 does not affect AGO4 accumulation 171 or localization (Figures 1 and 2) . In order to shed light on the molecular mechanism underlying 172 the V2-mediated interference of AGO4-dependent methylation of the viral genome, we tested 173 binding of AGO4 to the viral DNA in the presence or absence of V2 in local infections with TYLCV 174 WT and V2 null mutant, respectively, by Chromatin immunoprecipitation (ChIP). As shown in 175 Figure 6A , 3xFLAG-NbAGO4 could bind both the intergenic (IR) and the V2-encoding region of 176 the viral genome in the absence of V2 (TYLCV-V2null), but the signal decreased to background 177 levels when V2 was present (TYLCV). Therefore, AGO4 has the capacity to bind the viral DNA 178 molecule, but this binding is impaired by the virus-encoded V2 protein. AGO4 binding in the 179 TYLCV V2 null mutant hence correlates with the detected increase in viral DNA methylation 180 ( Figure 5A ). 2012). To test whether this strategy is also employed by V2, we immunoprecipitated 3xFLAG-184
NbAGO4 co-expressed with WT or V2 null mutant TYLCV in local infection assays in N. 185 benthamiana, and visualized AGO4-bound vsiRNA by sRNA northern blotting. While infected to AGO4 in the samples infected with the WT virus ( Figure 6B ). Taken together, these results 190 demonstrate that V2 does not affect the production or accumulation of vsiRNA, nor does it hamper 191 loading of these vsiRNA molecules into AGO4, but interferes with binding of this protein to the 192 viral genome in order to suppress DNA methylation and promote virulence. Figure 5C ), suggesting that the V2-mediated suppression of AGO4 function is not 223 complete. On the other hand, WT levels of viral DNA methylation are not restored in the V2 mutant 224 upon AGO4 silencing, which raises the idea that AGO4 might not be the only methylation-related 225 target of V2. In agreement with this, V2 has been shown to bind HDA6 and interfere with its Cajal body (Supplementary figure 7) . This mutation, however, negatively affects V2 self-235 interaction in the Cajal body (Supplementary figure 7) . 236
The finding that the physical association between TYLCV V2 and AGO4 takes places in a specific 237 Based on our results, we propose a scenario in which V2 is required to interfere with AGO4 246 binding to the viral genome, impairing DNA methylation and promoting viral accumulation; 247 whether this effect is linked to the canonical RdDM pathway will require further investigation. In 248 the context of the arms race between host and virus, TYLCV has evolved V2 to target AGO4, 249
impairing its association to the viral DNA and hence suppressing methylation of the viral genome All primers and plasmids used for cloning are summarized in Supplementary tables 1 and 2, 280 respectively. 281
Plant materials and growth conditions 282
All binary plasmids were transformed into Agrobacterium tumefaciens strain GV3101, with the 286 exception of pBINTRA6, which was transformed into A. tumefaciens strain C58c1. A. tumefaciens 287 clones carrying the constructs of interest were liquid-cultured in LB with appropriate antibiotics at 288 28℃ overnight. Bacterial cultures were then centrifuged at 4,000 g for 10 min and resuspended 289 in the infiltration buffer (10 mM MgCl2, 10 mM MES pH 5.6, 150 μM acetosyringone) and adjusted 290
to an OD600 = 0.5. Next, the bacterial suspensions were incubated in the buffer at room 291 temperature and in the dark for 2-4 hours and then infiltrated 3-4-week-old N. benthamiana plants. 292
For co-expression experiments, the different agrobacterium suspensions were mixed at 1:1 ratio 293 before infiltration. 294
Protein extraction and immunoprecipitation assays 295
Protein extraction and co-immunoprecipitation assays were performed as described in Wang et 296 al., 2017a. Protein extracts were immunoprecipitated with GFP-Trap beads (Chromotek, 297
Germany), and analyzed by western blot with anti-GFP (Abiocode, M0802-3a) and anti-HA 298 (12CA5) (Roche, Cat. No. 11 583 816 001) antibodies. 299
For 3xFLAG-NbAGO4 IP followed by vsiRNA extraction, 6 grams of N. benthamiana leaves 300 transiently expressing 3xFLAG-NbAGO4 were collected, ground in liquid nitrogen and 301 homogenized in 6x (w:v) extraction buffer (20mM Tris HCl pH7.5, 25mM MgCl2, 300mM NaCl, 302 5mM DTT, 0.5% NP-40, 1x complete™ Protease Inhibitor Cocktail (Roche)) at 4°C with rotation 303 for 30 minutes. The extract was subjected to centrifugation (14,000 rpm, 25min) at 4°C. 5 g anti-304 FLAG antibody (Sigma, F3165) per gram of tissue were added to the supernatant in a new tube 305 and incubated at 4°C overnight. The next day, 20 l of slurry Protein G beads (Invitrogen) per 306 gram of tissue were added and subjected to a further incubation for 2 hours with rotation at 4°C. 307
After incubation, Protein G beads were washed three times in 3x (v:v) homogenate wash buffer 308 (20mM Tris pH7.5, 25mM MgCl2, 300mM NaCl, 0.5% NP-40). The quality of purification was 309 examined by SDS-PAGE followed by immunoblotting. 310
Split-luciferase complementation imaging assay 311
Split-luciferase complementation imaging assays were performed as described (Chen et al., 312 (in H2O) was infiltrated into the inoculated leaves 2 days after agrobacterium infiltration. A low-316 light cooled CCD imaging apparatus (NightShade LB985 with IndiGO software) was used to 317 capture and analyse the luciferase signal at 2 dpi. 318
Confocal imaging 319
Confocal imaging for co-localization of V2-GFP, RFP-AGO4, and CFP-Fibrillarin upon transient 320 expression in N. benthamiana epidermal cells was performed on a Leica TCS SP8 point scanning 321 confocal microscope using the pre-set sequential scan settings for GFP (Ex:488 nm, Em:500-322 550 nm), RFP (Ex:561 nm, Em:600-650 nm), and CFP (Ex:442 nm, Em:452-482 nm). 323 
Bimolecular Fluorescence Complementation 324

Chromatin immunoprecipitation (ChIP) assay 369
The agrobacterium clone carrying the binary vector to express 3xFLAG-NbAGO4-1 was co-370 infiltrated with those carrying the TYLCV or TYLCV-V2null infectious clones in N. benthamiana 371 leaves, and tissues were collected at 2 dpi. Chromatin immunoprecipitation (ChIP) assays were 372 Supplemental Table S1 . List of primers used for cloning in this study. 838 Supplemental Table S2 . List of plasmids used in this study. 839 Supplemental Table S3 . List of primers used for qPCR and qRT-PCR in this study. 
